It is well recognized that the fatigue characteristics of NiTi alloys are greatly in uenced by the presence of nonmetallic inclusions. A high fatigue strength is required for the application of these alloys to medical devices, especially stents, to allow them to withstand the repeated processes of pulsation-induced expansion and contraction. In this study, the phases and morphology of the inclusions in commercially produced NiTi alloy were investigated. The inclusions in an as-cast ingot consisted of a single phase of Ti(C, O) and possessed a ber shape with a diameter of about 0.5 µm, and were formed during the solidi cation of the NiTi alloy. In situ observation by confocal laser scanning microscopy revealed that the inclusions formed and grew in the region of residual melt (consisting of concentrated Ti, C, and O) during the solidi cation process.
Introduction
NiTi alloys with compositions close to the equiatomic ratio have excellent characteristics such as shape memory and superelastic properties 1) and can be applied to a variety of important products such as medical devices and electrical actuators. Recently, there has been an increasing demand for ne wires and small-diameter pipes fabricated from NiTi alloys with extra-high fatigue strength for use in medical devices such as stents, catheters, and heart valves. [2] [3] [4] One of the key ways to meet this demand is by controlling the nonmetallic inclusions according to the ASTM F2063-12 standard. 5) Under this standard, the requirements for nonmetallic inclusions are the maximum dimension of less than 39 µm and an area ratio under 2.8% in the observation area of a microscope at a magni cation of 400 or 500 magni cations.
In the industrial production of NiTi alloys, it is typical to perform the melting and re ning processes in a vacuum high-frequency induction furnace using carbon 6) or CaO crucibles. Since small amounts of carbon or oxygen from the crucible and nitrogen from the atmosphere can be transferred to the NiTi alloy, these impurities were responsible for the nonmetallic inclusions. The upper limits of both carbon and the sum of oxygen and nitrogen in NiTi alloys for use in medical devices are 500 ppm according to ASTM F2063-12. It is therefore apparent that inclusion control is very important for the development of NiTi alloys for medical applications. However, only a few researchers have attempted to control the nonmetallic inclusions. 2) To the best of the authors knowledge, there have been no systematic studies on the formation mechanism of inclusions. It is expected that the number and size of nonmetallic inclusions could be substantially decreased if the formation and growth behavior of nonmetallic inclusions in as-cast ingots of NiTi alloy were better understood.
In this study, the phases and morphology of the inclusions in commercially produced NiTi alloy were investigated. The inclusions were extracted by the selective potentiostatic etching by electrolytic dissolution (SPEED) method. The effect of the cooling rate during solidi cation on the inclusion size was evaluated using three materials with different thermal conductivities as cooling blocks. In situ observations of inclusion formation and growth during solidi cation were also performed using confocal laser scanning microscopy (CLSM).
7)
2. Experimental Procedure
Sample fabrication and observation of inclusions
Firstly, the features of the nonmetallic inclusions in ascast ingots of NiTi alloy were investigated. All of the samples of NiTi alloys used in this research were obtained from ingots commercially produced in a vacuum induction furnace. The raw materials, pure Ni and pure Ti, were blended and transferred to a carbon crucible. These were melted in a vacuum induction furnace at a frequency of 1 kHz, held at 1550 C for 5 min, and then cast in a mold of 110 mm in diameter and 750 mm in length. The weight of an as-cast ingot was approximately 45 kg. The temperature of the melt was measured through a glass observation hole at the top of the furnace using a two-color pyrometer.
Three ingots with slightly different compositions were used in this study, as listed in Table 1 . From the center height of ingot 1 in the cross-sectional direction, small blocks with dimensions of 5 × 2 × 20 mm were cut from near the surface, at a quarter inside (at 1/4 of the ingot diameter), and at the center of the ingot. After ultrasonic cleaning in ethanol solution, each sample was subjected to electrolytic dissolution using the SPEED method [8] [9] [10] [11] for 120 min at 7 V in the electrolyte 10% acetylacetone-1% tetramethylammonium chloride-methanol. The nonmetallic inclusions were separated by ltration of the NiTi metal matrix solution through a membrane lter under vacuum, to afford the inclusions as a residue on the membrane lter. The morphologies of the inclusions were observed by scanning electron microscopy (SEM). X-ray diffraction (XRD) was also performed to identify the phase of the inclusions. Another sample with dimensions of 10 × 10 × 10 mm was cut from the bottom part of ingot 2. This sample was polished using SiC (#320) and diamond paste (diameters: 6 and 3 µm) and nished by buf ng with colloidal SiO 2 . To investigate the relationship between the inclusions and metal matrix, Ar ion etching was performed to reveal the crystal grain boundary. Elemental mapping analysis of the inclusions and metal matrix was subsequently carried out using electron probe microanalysis (EPMA).
Effect of cooling rate on the inclusion size
The distribution of the inclusions and the relationship between their number or size and the cooling rate in the ingot provide effective means to determine whether the inclusions were formed during melting or solidi cation periods. [12] [13] [14] Ingot 3 was melted in the induction furnace by the same procedures as described above. After melting, it was cast on a cooling block to form ingots with an outer diameter of 75 mm and a height of 25 mm. A schematic illustration of the mold and cooling block is presented in Fig. 1 . To obtain a wide range of cooling rates, three different materials were used for the cooling block: Cu metal, cast iron, and refractory (SiO 2 with 13.3 mass% Al 2 O 3 and 0.2 mass% Fe 2 O 3 ). A sample with dimensions of 10 × 10 × 25 mm was cut at the center height of each ingot. The samples were polished using SiC (#320) and diamond paste (diameters: 6 and 3 µm) and then nished by buf ng with colloidal SiO 2 . The samples with a mirror-nish surface were then etched for 10 s in an aqueous solution of 13 vol% HNO 3 and 3 vol% HF prior to optical microscopy observations. Additional samples with dimensions of 5 × 2 × 20 mm were cut from 3 mm above the cast surface that was in contact with the cooling block. The SEM observations were performed on ltered inclusions after electrolytic extraction using the SPEED method. The thicknesses were measured for 15 of the rod-like inclusions extracted from each of the samples obtained using the different cooling blocks.
In situ observation of inclusion formation during
solidi cation of a NiTi alloy Before in situ observation, thermal analysis of a sample cut from ingot 1 was performed by high-temperature differential scanning calorimetry (DSC). The measurement was conducted twice using sample weights of 104.23 mg and 65.19 mg, and a heating rate of 20 C/min.
A CLSM instrument (VL2000, Lasertec Co. Ltd.) in the Hirohata of ce of Nippon Steel & Sumikin Technology Co., Ltd. was used for the in situ observations. The microscope contained a gold image furnace as the heating device. A sample with a diameter of 6.5 mm and a height of 2.5 mm was cut from ingot 1. After polishing the upper side to a mirror nish and ultrasonic cleaning, the sample was placed into a crucible of high-purity alumina with an inner diameter of 8 mm. To prevent oxidation by the very small amount of residual oxygen, several Ti particles with a diameter of 2 mm were placed outside of the crucible. After positioning the crucible in the heating device of the laser microscope, four 30-min cycles of high-vacuum evacuation were performed and a gas mixture of 2% H 2 in Ar was introduced during the experiment to prevent sample oxidation. The experimental details and considerations of CLSM have been described elsewhere.
7) The heating cycle during the experiment was as follows: room temperature (R.T.) to 200 C, 50 C/min; 200 to 1350 C, 100 C/min; 1350 C, maintained for 2 min; 1350 to 1200 C, 10 C/min; 1200 C to R.T., rapid cooling at 100 C/min upon turning off the power. After solidi cation of the sample by rapid cooling from 1200 C in the CLSM, the same area as used for the in situ observation was analyzed by SEM in conjunction with energy-dispersive X-ray spectroscopy (EDS) to identify the inclusion phase.
Results

Features of the inclusions in a NiTi alloy ingot
SEM images of the inclusions extracted from ingot 1 by the SPEED method are shown in Fig. 2 . The inclusions exhibited a ber-shaped morphology with a diameter of approximately 0.5 µm. The maximum length of the bers was estimated to be about 40 µm. Knobs were observed on some of bers, as indicated in Fig. 2 by the single arrows. Some of the inclusions also possessed a dendritic shape with secondary arms, as indicated by the double arrows. No obvious differences in the inclusion morphology depending on the cutting position of ingot 1 were observed. Figure 3 shows the XRD pro les of the inclusions extracted by the SPEED method from different parts of ingot 1. Irrespective of the sampling position, all of the samples exhibited the same signal pattern. All of the peaks between 2θ = 20 and 90 were similar to those of TiC. However, the peaks all shifted slightly toward higher angles. This observation suggests that the inclusions were composed of Ti(C, O), since both TiC and TiO possess a NaCl-type structure and the lattice parameter of TiC is slightly greater than that of TiO. This is also supported by the EDS analysis described later. Figure 4 shows an SEM image of the sample cut from ingot 2 and nished by Ar ion etching. The broken lines represent the grain boundaries. The inclusions with bright contrast formed not only along the grain boundaries but also in the grain interior. The EPMA element mappings of the inclusion indicated by the arrow in Fig. 4 are shown in Fig. 5 . Strong signals corresponding to Ti, C, and O were detected from the inclusions. The composition of the inclusions will be discussed later.
Effect of cooling rate on inclusion size
The microstructures and inclusions for the samples of ingot 3 cast with different cooling rates are shown in Fig. 6 . The observed networks and small spots with dark contrast represent inclusions along the grain boundaries and in the grain interior, respectively. The grain size of the metal matrix was small for the samples cast on Cu and cast-iron blocks. In contrast, a larger grain size was observed for the sample cast on the brick. Fine inclusions were densely dispersed in the former two cases, whereas large inclusions were thinly dispersed in the latter case. The SEM images of the inclusions extracted by the SPEED method from the three samples cast on Cu, cast iron, and brick are shown in Figs. 7 (a), (b) , and (c), respectively. All of the inclusions exhibited a ber shape with knobs in places, irrespective of the cooling rate. Many dendritic inclusions were also observed, as indicated by the single arrow in each of the images. The relationship between the inclusion thickness (i.e., the diameter of the rod-like inclusions) and the thermal conductivities of the cooling blocks is presented in Fig. 8 . The triangular points represent the average thickness of 15 inclusions and the circular points indicate the maximum for each case. The inclusion thickness depends on the thermal conductivity of the cooling block, that is, the cooling rate of the ingot. One of the current authors has previously reported that the number and size of nonmetallic inclusions formed during the solidi cation of steel depend on the cooling rate. [12] [13] [14] Therefore, it is concluded that the inclusions in NiTi alloy are formed during the solidi cation process. Figure 9 shows the high-temperature DSC analysis for ingot 1. The large endothermic peak in the DSC curve corresponds to the melting behavior of the NiTi alloy; thus, the solidus temperature and liquidus temperatures were 1279 C and 1325 C, respectively. The two small endothermic peaks above the liquidus temperature will be discussed later. According to this DSC measurement, in situ observations using CLSM were performed after maintaining the sample of the NiTi alloy at 1350 C (i.e., above the liquidus temperature) for 2 min. Representative results from the in situ observation are shown in Fig. 10 . At 1350 C, the sample was almost melted, although a few small particles could be seen in places. It is considered that these residual inclusions cannot be melted during 2 min at 1350 C. Although it would be desirable to investigate the inclusion formation from a melt without any residual inclusions, the time was not extended as a result of experimental dif culties. From 1350 C to 1200 C, the cooling rate was 10 C/min. The times shown in Figs. 10 (b) to (f) refer to the elapsed times from a sample temperature of 1320 C. At 1320 C, the area surrounded by the several particles is the solidi ed part. Some of the original shape of the dendritic inclusions can be observed, as indicated by the arrows. Subsequently, at 1317 C, typical dendritic inclusions appear in the area indicated by the arrow. At 1312 C, secondary arms start to develop as the inclusions grow, and the solidi ed area spreads among the inclusions. Consequently, at 1310 C and 1305 C, the inclusions grow by more than 20 µm in length with the development of secondary dendritic arms. The growth rate of the inclusions was determined to be approximately 1.0 µm/s. Figure 11 shows a typical SEM image of a dendritic inclusion in the sample cooled in the CLSM cell. Composition analysis for one of these inclusions was performed by EDS, and the results are listed in Table 2 . The inclusion formed during in situ observations was identi ed as the Ti(C, O) phase.
In situ observation of inclusion formation during solidi cation of a NiTi alloy
Discussion
Identi cation of inclusion phase
The XRD analysis of the inclusions in ingot 1 revealed that they were composed of Ti(C, O), as shown in Fig. 3 . All of the peaks in the 2θ = 20-90 range shifted slightly toward higher angles than the peaks of pure TiC. Toro et al. also reported that the inclusions in NiTi alloy were Ti(C, O). 16) Kramer reported that the inclusions in NiTi ingots produced by vacuum induction melting followed by vacuum arc remelting were mostly composed of Ti and C. 17) Table 3 shows the peak angles (2θ) and interplanar spacings measured by XRD analysis. Jiang et al. performed XRD measurements for synthetic samples of TiC 1−x O x with varying x and estimated the lattice parameters with the changing value of x. 15) As shown in Table 3 , the average (200) distance was 0.2147 nm and the lattice parameter was 0.4294 nm, which corresponds to a value of x = 0.4 according to the experi- Fig. 8 Relationship between the thickness of the nonmetallic inclusions and the thermal conductivity of the cooling blocks. According to this diagram, the inclusion phase should correspond to a multiphase of Ti(C, N, O) x and Ti 4 Ni 2 O x in the present ingot, because the levels of both carbon and oxygen were about 300 ppm. However, the inclusions in the present ingot were determined to contain only the Ti(C, O) x phase and no Ti 4 Ni 2 O x phase was detected. These differences can be ascribed to the absence or presence of plastic deformation processes such as hot forging and rolling after casting the ingot. As-cast ingots were used in the present study, whereas forged and rolled bars were investigated in the previous study.
2) One of the current authors has reported that the inclusion phase and composition were changed by heat treatment before the plastic deformation.
18)
Formation mechanism of inclusions in NiTi alloy
The results shown in Figs. 6 and 7 indicate that the Ti(C, O) inclusions formed during the solidi cation of the NiTi alloy ingot. Moreover, in situ observation revealed that the inclusions form and grow in the residual melt where solutes concentrate during solidi cation. Therefore, the formation mechanism of Ti(C, O) inclusions is as follows. When a NiTi alloy starts to solidify, solutes such as Ti, C, and O concentrate in the residual liquid zone around the solid area because of solute redistribution. As the concentrations of these solutes continue to increase, they exceed the solubility product limit for Ti(C, O) in NiTi alloy. Therefore, the Ti(C, O) inclusions form and grow to dendritic shapes with many secondary arms in the residual liquid zone.
Small peaks in DSC curve
As mentioned earlier, two small endothermic peaks were observed above the liquidus temperature in the DSC curve for ingot 1 shown in Fig. 9 . There are no phase reactions or invariant reactions corresponding to these temperatures in the currently available Ni-Ti phase diagram 19) . The melting point of pure Ni is 1455 C, but from the diagram, it seems unlikely that these changes caused by Ni melting in NiTi alloys. The second DSC measurement showed only a single change at 1453 C above the liquidus temperature, and thus the change did not originate from the metal matrix but was caused by an experimental condition such as the melting of an oxide formed during the increasing temperature. However, none of the titanium oxides described in the literature have a melting temperature near 1450 C. 20, 21) Further experiments should be performed to clarify the cause of these two peaks.
Conclusions
The formation of nonmetallic inclusions in as-cast ingots of the NiTi alloy produced commercially has been investigated with the goal of improving the fatigue characteristics of the alloy, which is indispensable for expanding the application of NiTi alloys to medical devices. This investigation has yielded the following results.
(1) The inclusions in an ingot of NiTi alloy containing 300 ppm carbon and 300 ppm oxygen consisted of a single phase of Ti(C, O). The inclusions were determined to be TiC 1−x O x (x = 0.4), by comparison of the obtained XRD spectra with reference data. The inclusions occurred both as ber shapes with small knobs and as dendritic shapes.
(2) The sizes of the Ti(C, O) inclusions depended on the cooling rate and were smaller when the cooling rate was high. This indicated that the inclusions formed during the solidi cation of the NiTi alloy.
(3) In situ observation revealed that the inclusions formed and grew in the region of residual melt during the solidi cation of the NiTi alloy. Therefore, the formation mechanism of the Ti(C, O) inclusions in NiTi alloy ingots was considered to be crystallization due to the increasing solute concentrations of Ti, C, and O in the residual melt during solidi cation.
